We present analyses of two 3-component time lapse walkaround, multilevel vertical seismic profiles, VSP data sets from two carbonate fields which have a long history of injection and production. The aim of this study is to compare changes in various attributes such as frequency content, attenuation, traveltime and angle of rotation variations in response to fracture properties. The method used for calculating frequency by quadrants is based on the instantaneous frequency technique. We show through two field examples the effectiveness of the method and the potential of azimuthal frequency, attenuation and traveltime studies of P-waves for fracture characterization.
Introduction
The use of amplitude and attenuation studies for fracture characterization has become a topic of increased interest. Lynn et al. (1995) argue that azimuthally dependent Pwave AVO response can be related to the orientation of open fractures and relative fracture intensity, Maultzsch et al. (2005) interpret P-wave attenuation anisotropy in terms of open fracture orientations. Attenuation studies have potential information on fluid saturations and fracture characterization.
In an otherwise isotropic media containing vertically aligned fractures, simple models suggest that the variations of travel time and attenuation with azimuth can be written with a good approximation to first order with one term of their Fourier series, i.e. following a cos2θ behavior. We thus study the azimuthal anisotropic response of frequency content, traveltime, amplitudes and angle of rotation of the 3C geophones to gain information about the fracture network around the borehole.
Method: Frequency content by quadrants
The method used for calculating relative frequency content makes use of complex trace analysis and is based on that by Dasios et. al., (2001 tm is the time at which the amplitude envelope reaches its maximum. (4) For common offset and common receiver level VSP data, choose a reference azimuth and separate the traces into quadrants ( +45º from the reference azimuth). Average the frequency content of the quadrants with the same azimuthal orientation. The difference between these two averages will vary as a function of the reference azimuth and fracture orientation, reaching its maximum when the two latter coincide, a minimum when they are 90° apart and zero when 45° apart, as shown in Figure 1 . Calculate this difference looping the reference azimuth through all available source-receiver azimuths.
Figure 1 Sketch of division of traces by quadrants (step 4 of methodology) for calculating frequency variation due to one set of aligned fractures. The reference azimuth is indicated by the black dot. The difference between the average WIF of traces in the red and blue quadrants is maximum for the reference azimuth shown in a) and it approaches zero for that in b).
This methodology of azimuthal studies by quadrants overcomes the problem of fitting the often few data points to a periodic function in order to find the minimum or maximum of that function and relate it to fracture orientations. However as the latter methodology is still widely used it will be implemented in Example 1.
Example 1: 3D time lapse VSP
We present an azimuthal analysis of attributes such as amplitude, travel time, and angle of rotation of the 3 component geophone in a timelapse 3D 3C, multilevel vertical seismic profile (VSP) data set from the Weyburn field, Canada, which has undergone CO2 injection for enhanced oil recovery (Herawati and Davis, 2003) .
The carbonate reservoir found at the Mississipian Charles Formation, with a thickness of 7-10m and its top at 1450m, presents a main network of sub vertical fractures open and cemented in a SW-NE orientation, in some areas a secondary SE-NW orientation has been found (Herawati and Davis, 2003; G. Li, 2002, EnCana Report) .
Geophysical data
The geophysical data analyzed consists of a time-lapse 3D VSP data set with 247 surface sources, 3 component geophones and 80 receiver levels in depth. Source locations have offsets varying from a zero offset VSP to ~1500m. Figure 2 shows a projection in 3D of source and receivers for the base survey (S1), notice that for the largest offsets the ratio of offset to geophone depth is greater than 1. Many of the source locations from the monitor survey (S2) coincide or are close to those of S1. The geophone depths start at 189m and go down to 1389m with a spacing of ~15m. Here we show an analysis on the down-going waves, though as the deepest geophones are shallower than the top of the reservoir an analysis of the up-going field will be done to gain an insight into the reservoir properties.
φ Figure 2 All source locations for survey S1. Notice that the angle φ varies significantly depending on the depth of the receiver. Axis are scaled equally.
Analysis: Attributes versus direction and depth
For each survey the data has been sorted into common offsets every 100m + 50m resulting in 15 walk-around (WAR) for both surveys and one zero offset VSP for survey S1. The five WAR VSP's with offsets 300m, 500m, 800m, 1100m and 1500m were selected for analysis, as they have greater azimuthal coverage.
Travel time
The travel time information of the first break picks is used in an analysis of velocity, travel time and amplitude of first arrivals. The variation of travel time with azimuth becomes clear in Figure 3a and b, where it is noticeable that travel times are longer at azimuth -50˚ and shorter at 50˚. 
Rotation
Given that offsets are comparable to the geophone depths, when not larger, a 3-component rotation into the maximum energy of the first break picks was computed. The two angles taken into consideration for this rotation are the angle between the source-receiver orientation and a northsouth line, which is referred to as θ and the angle between a horizontal line and the inclination at which a ray coming from the source would hit the geophone, this angle is referred to as φ (see Figure 2) . As normally velocities increase with increasing depth, according to Snell's law, for a fixed offset, the angle φ at which the ray will arrive at a geophone will be smaller -closer to a horizontal plane-for deeper geophones. After rotation the three components x, y and z turn into r, t and h. The component of maximum energy r, is expected to contain the P-wave field, the h and t components are expected to contain the converted P-S waves. However some scattered waves will invariably be recorded as well. This effect can clearly be seen in Figure  4a where the angle of maximum energy φ, is in general smaller than the straight ray model. a) Figure 4 Angle φ used for rotation into direction of maximum energy of the first breaks compared with the geometric angles of a straight ray path. a) φ versus depth for S1 and S2, offset is 1100m, azimuth is -133˚. b) φ versus azimuth for various receiver depths (with their receiver number) shown in the legend.
b)
A test was made where the angle θ, which varies azimuthally, was also allowed to vary for finding the direction of maximum energy, however, it would only take two values, that of the correct azimuth and its opposite 180 degrees apart for the shallowest 8 receiver levels. These receivers present high noise levels and thus are not included in this main analysis.
φ presents a clear variation with azimuth with distinct regions of an increase or decrease of magnitude for a given receiver level, as is shown in Figure 4 b. The azimuth of minimum φ, which would be caused by higher velocities lies approximately at N70E.
φ for S2 has a tendency to be smaller than that for S1, this behavior is thought to be correlated with an increase in velocities for survey S2 compared to S1. The general trend of φ being smaller than the geometric phi applies to survey S2 as well.
Frequencies
Following a similar approach, the peak frequency was calculated from the Fourier transforms of each trace. A histogram in polar polar coordinates of this data shows higher frequency peaks in a N60E orientation for survey S1 at offsets 1100m and 1500m, (see Figure 5a and b respectively).
a) b)
Figure 5 Rose diagrams of maximum peak frequencies for Survey S1. a) Offset is 1100m, b) Offset is 1500m.
Example 2: Walk-around time-lapse VSP
We analyze the P-wave response of a time lapse walkaround (WAR) VSP data set from a carbonate field in Oman. The data consists of three surveys acquired in 2002, 2004 and 2005 , each containing one walkaround VSP around well 1, with an offset of 300m. It has 32 receivers cemented in the well separated by 6.75m each, ranging from depths of 110.75 to 320m.
The VSP data cuts through three geological units, the Fiqa shales, the Natih fractured carbonate formation which extends approximately from 190m to 260m, and the Nahr Umar shale unit, from shallow to deep respectively. The producing hydrocarbon reservoir, Shuaiba with a strong fracture network , is located bellow the deepest receiver of the VSP data, thus from the top of the reservoir only the reflected waves will be recorded. Previous studies on the Natih formation, at reservoir depths and surface outcrops, have found a main NE-SW fracture orientation (van der Kolk et al., 2001) .
Analysis: Azimuthal WIF content
In Figure 6a the areas of higher weighted instantaneous frequency, WIF (shown in red) become apparent only for depths greater than 190m, which is the top of the Natih fractured carbonate. For receiver depths above the fractured carbonate the there is a less pronounced higher WIF content in a NW orientation, which could be related to the secondary fracture network encountered closer to the surface described by van der Kolk et al. (2001) .
The general NE orientation of the higher WIF content of the traces (shown in red in Figure 6 ) coincides with previous studies on the fracture plane orientation for this field by van der Kolk et al. (2001) . This agreement shows the potential that azimuthal frequency studies, through the instantaneous frequency method, bring to fracture characterization.
Furthermore, the magnitude of the difference could be related to fracture intensity. a) b) . 
Conclusions
We present azimuthal analyses on VSP data from two different fields which show a clear correlation between fracture properties and the various attributes studied.
In Example 1 we find agreement between the azimuthal orientations of minimum travel time of the first breaks, minimum angle of rotation for finding the direction of maximum energy of a geophone on a vertical plane, and orientation of maximum frequency peaks, all of which coincide with the orientation of the fracture plane for the field as studied by Li (2002, EnCana Report) .
In Example 2 we calculate the relative weighted instantaneous frequency WIF per receiver level for a walkaround time-lapse multilevel VSP data set with a novel technique which makes use of complex trace analysis. The general NE fracture orientation obtained from azimuthal attenuation and traveltime analysis for the overburden of the Shuaiba reservoir in the carbonate field studied coincides with that of the Natih formation as described by van der Kolk et al. (2001) .
These agreements highlight the potential of azimuthal studies of P-waves for fracture characterization and demonstrate an application of azimuthal frequency studies for fracture properties with an unconventional technique that averages information by quadrants and is based on the instantaneous frequency method. This methodology escapes the problem, often encountered in azimuthal studies, of finding a best fit of the data to a periodic function. Furthermore, the magnitude of the difference of the average weighted instantaneous frequency could be related to fracture intensity.
